By a functional expression screening with cyanobacterial cells, a new member of group 3 late embryogenesis abundant protein genes (designated cw80lea3) was isolated from the cDNA library of halotolerant green alga Chlamydomonas sp. strain W80. The principle of the screening method was based on the acquisition of NaCl salt-tolerance of the fresh water cyanobacterial cells carrying the halotolerant algal gene. The expression of cw80lea3 gene in the C. W80 cells was induced by salt-and cold-stresses, but not by abscisic acid treatment.
Introduction
Micro-organisms are attractive resources for antistress genes, since they have a wide variety of tolerance to extreme environments.
For the isolation of anti-stress genes from the stresstolerant organisms, there are two possible approaches. The first approach is the cloning of the genes induced specifically by the environmental stresses; to this end, methodologies such as subtractive hybridization and differential display have been applied [1, 2] . Another approach is the functional expression screening method based on the expression of the genes in certain host cells, and on host cell acquisition of stress-tolerance. The advantage of the functional expression screening over the differential screening is that the isolated genes are quite likely to be anti-stress genes themselves, while the genes isolated by the differential screening are not always anti-stress genes themselves, but sometimes are the genes induced as a result of the physiological changes caused by the stress.Chlamydomonas W80 is a halotolerant green alga, which also shows an extremely high oxidative-stress-tolerance [3] . In the previous studies, we isolated several anti-stress genes from this alga by a functional expression screening method with Escherichia coli cells [3] [4] [5] [6] [7] , and also successfully enhanced the salt-and oxidative-stress tolerance of the higher plants by introducing the anti-stress gene of Chlamydomonas W80 [8] .
In this study, to isolate the anti-salt-stress genes from the halotolerant marine green alga Chlamydomonas W80, a functional screening method based on the expression of the algal genes in the fresh water cyanobacterial cells was applied, and a new member of group 3 late embryogenesis abundant (LEA) protein genes was successfully isolated.
Materials and methods

Algal and cyanobacterial cultures
The halotolerant Chlamydomonas sp. strain W80 used in this study was isolated in the coastal area of Wakayama, Japan, and was identified as a Chlamydomonas species as described previously [9] . The fresh water cyanobacterial strain Synechococcus PCC7942 (ATTC 33912) was obtained from the American Type Culture Collection. Modified Okamoto medium (MOM; pH 8.0) supplemented with 5 mM NH 4 Cl [10] and BG11 medium [11] were used for algal and cyanobacterial cultures, respectively. Both algal and cyanobacterial cultures were continuously illuminated by fluorescent lamps at a light intensity of 175 lmol quanta m À2 s À1 , with aeration by bubbling at a rate of 200 ml air/min.
RNA extraction and cDNA library construction
The total RNA extraction and the poly (A)+ RNA purification were carried out as described previously [3] . The cDNA was synthesized from 5 lg of poly(A)+ RNA using the kZAPII-cDNA synthesis kit (Stratagene, La Jolla CA, USA). To clone the cDNA into the PstIBamHI site of the pAQ-EX1 bacteria-cyanobacterial shuttle-vector (DDBJ Accession No. AB071392) [12] , a synthetic primer with BamHI site (5 0 -GAGA-GAGAGAGAGAGAGAGAACTAGTGGATCCTTT-TTTTTTTTTTTTTTT-3 0 ), and a PstI adaptor were used instead of the primer, with XhoI site for cDNA synthesis and the EcoRI adaptor for cDNA/vector ligation provided with the kit. The cDNA was sizefractionated by 0.8% agarose gel electrophoresis, and the selected fractions (above 0.7 kb) were directionally cloned into the PstI-BamHI sites of the pAQ-EX1 vector. The primary titer of the library was 1.2 Â 10 6 .
Transformation of the S. PCC7942 cells and the screening for anti-salt-stress genes
Transformation of the S. PCC7942 cells was carried out as described previously [12] . For the screening of anti-salt-stress genes, 0.1 ml of the transformed cyanobacterial cells (1 Â 10 8 cells/ml) was suspended in 5 ml of BG11 medium (pre-heated at 42°C) containing 0.5% agarose (SeaKemTM GTG agarose, MBA, Rockland, ME, USA), 1.5% NaCl, and 4 lg/ml carbenicillin (Cb), and plated on a BG11-Cb agarose plate with 1.5% NaCl.
Northern blotting
For the Northern blotting experiment, approximately 1.5 L of algal cultures in the early exponential phase (OD 680 ¼ 0.8) in 2 liter flat culture bottles were exposed to cold, high salt, and oxidative stresses, for 6 and 24 h under continuous illumination (175 lmol quanta m À2 s À1 ). The effect of abscisic acid (ABA) treatment (10 and 100 lM) was also examined in the same manner. For salt stress, the NaCl concentration in the medium was elevated from 0.5 M (standard concentration of MOM) to 1.5 M by adding solid NaCl. For oxidative stress, 1.5 ml of the 0.1 M stock methyl viologen (MV) solution was added to the culture medium (final concentration 100 lM). For cold stress, the cells were cultured at 4°C. The effects of NaCl and MV on algal cell growth were examined in advance by culturing the cells in the liquid medium with various concentrations of these substances (data not shown), and the concentrations which caused approximately 30-50% growth inhibition were chosen for the northern blotting experiment. The isolation of total RNA, agarose gel electrophoresis, and northern blotting were carried out as described previously [5] .
The northern blot was hybridized overnight at 42°C in 50% formamide (v/v)/0.2% SDS (w/v)/2 Â Denhardt/ 6 Â SSC/(100 lg ml À1 calf thymus DNA) with a 32 P-labeled probe. The 32 P-labeled probe was prepared by random priming using the PCR-generated template. After hybridization, the membrane was washed with 2 Â SSC/0.1% SDS for 30 min at 42°C, 2 Â SSC/0.1% SDS for 2 h at 42°C, and 0.2 Â SSC/0.1% SDS for 30 min at 42°C twice, and was exposed to a Molecular Imager System GS-525 (BIO-RAD) to quantify the hybridization signals.
Results and discussion
The C. W80 is a halotorelant green alga which also shows an extremely high oxidative-stress-tolerance (up to 100 lM MV) [3] . In the previous studies, we screened the kZAP cDNA library of C. W80 by a functional expression screening with E. coli cells, and successfully isolated several homologues of anti-stress genes, such as ascorbate peroxidase, glutathione peroxidase, bbc1 (breast basic conserved), alternative oxidase, and x6 fatty acid desaturase [3] [4] [5] [6] [7] . In this study the cDNA library of Chlamydomonas W80 was constructed in a bacteria-cyanobacterial expression shuttle-vector pAQ-EX1, and the library was screened for anti-salt-stress genes by a functional expression screening with the fresh water cyanobacterial cells. The principle of the screening method was based on the acquisition of NaCl saltstress-tolerance of the fresh water cyanobacteria Synechococcus PCC7942 carrying the algal genes.
The S. PCC7942 cells transformed with the cDNA library of Chlamydomonas W80 constructed in the pAQ-EX1 vector were plated on the BG11-Cb agarose plate containing 1.5% NaCl, and a colony (clone number CW80S1) growing well on the selection plate was isolated. The effect of NaCl concentration on the growth of Synechococcus PCC7942 cells was examined in advance, and no cell growth was observed on an agar plate with 1.5% NaCl (data not shown). The Synechococcus PCC7942 cells back-transformed with the clone CW80S1 plasmid showed an enhanced salt-stresstolerance, confirming the anti-salt-stress function of the protein coded by this clone. Table 1 shows the NaCl salt stress tolerance of the cyanobacterial cells carrying the CW80S1 plasmid or pAQ-EX1 vector (control). Approximately 5 Â 10 5 cells were plated onto the BG11-Cb agarose plate containing 0.5-3% of NaCl. In the cyanobacterial cells with CW80S1 plasmid, colony formation was observed up to 2.5% NaCl condition, while the control cells tolerated only up to 1% NaCl. The deduced amino acid sequence of this clone showed the highest homology (27% of 100 amino acids overlapping) to the wheat group 3 LEA protein (SwissProt Accession No. Q03968), 16 to 25% homology to the other higher plants LEA3 proteins (including both monocotyledons and dicotyledons), and relatively low homology to the green alga Chlorella vulgaris LEA3 proteins [13, 14] ; 21% and 22% to HIC6 (DDBJ Accesscion No. U38231), and HIC12 (DDBJ Accession No. AB035642) proteins, respectively.
Late embryogenesis abundant (LEA) proteins of plants accumulate during the advanced stages of embryogenesis and also in the tissues exposed to the stresses such as desiccation, osmotic stress, and lowtemperature [15, 16] . LEA proteins are highly hydrophilic, and are thought to protect desiccating tissues by binding or replacing water, scavenging or sequestering ions, or stabilizing protein and membrane structures against low water activity caused by freezing or desiccation. LEA proteins are classified into at least seven groups based on their amino acid sequence homology and motifs, and the group 3 LEA proteins have several repeats of a tandemly repeated 11-mer amino acid motif [17] . This motif is characterized by apolar residues in positions 1, 2, 5, and 9, and charged or amide residues in positions 3, 6, 7, 8, and 11. The cryoprotective activity of the 11-mer amino acid motif has also been experimentally confirmed [14] , although the exact function of this motif is still unknown. Fig. 1 shows the deduced amino acid sequence ( Fig. 1(a) ), and the hydropathy plot (Fig. 1(b) ) of the amino acid sequence of the CW80S1 clone. The potential eight repeats of 11-mer motif of group 3 LEA proteins are indicated with arrows. Given the low but significant homology to the previously known group 3 LEA proteins, the antisalt-stress activity in the cyanobacterial cells, the highly hydrophilic feature, and the 11-mer motif of the encoded protein, we concluded that the isolated clone, designated cw80lea3, was a new member of the group 3 LEA protein genes. The cw80lea3 gene on the pAQ-EX1 vector is translated as an N-terminal translation fusion protein of 11 bp of pAQ-EX1 vector, 11 bp of PstI linker, and 152 bp of 5 0 untranslated region sequences (total of 174 bp DNA sequence coding 58 amino acids). The sequence of 58 amino acids showed no significant homology to the amino acid sequences in the database, Table 1 NaCl tolerance of the cyanobacterial cells with CW80S1 and pAQ- The arrows indicate the potential 11-mer amino acid repeats. Polar amino acids are underlined, and the amino acids which do not match to the 11-mer motif (non-polar residues at positions, 1, 2, 5, 9, and polar ones at 3, 6, 7, 8, 11) are shown in small letters. The hydropathy was plotted by the method of Kyte and Doolittle [18] . Negative values indicate hydrophilic regions.
and it seems unlikely that this part of the fusion protein had any significant contribution to the acquisition of the NaCl tolerance of the host cells.
To examine the expression of the cw80lea3 gene in the Chlamydomonas W80 cells, the mRNA levels of this gene under salt and cold stresses were examined by northern blotting analysis (Fig. 2) . Since it is generally recognized that both salt and cold stresses cause oxidative stress in plants, the effect of the MV on the expression of this gene was also examined to see the involvement of the oxidative stress (active oxygen species) in the regulation pathway of this gene. MV are reduced by the photosynthetic apparatus yielding a monocation radical, which rapidly generates superoxide (O À 2 ) [19] . The effect of the plant hormone ABA was also examined, because most LEA proteins are known to be ABA-inducible [20, 21] .
The single mRNA was detected to be approximately 0.9 kb, indicating that our cDNA clone (876 bp with 19 bp poly (A) tail) is full-length. The exposure of the cells both to salt and cold stresses for 6 h resulted in the elevated mRNA level of cw80lea3 gene (3.5-fold and 2.7-fold for salt and cold stresses, respectively), indicating that the expression of the cw80lea3 gene is inducible by salt and cold stresses the same as the other plant group 3 LEA protein genes previously reported [22, 23] . After 24 h the transcript level continued to increase in the cold stressed cells (3.2-fold of the control), while the NaClstressed cells showed a rather lower transcript level compared to the cells sampled after 6 h (1.3-fold of the control). Since the production of a compatible solute such as glycerol is a quite common and effective protective function of green alga against salt (osmotic) stress [24, 25] , the drop in the transcript level in the NaCl-stressed cells after 24 h is probably due to the amelioration of the salt stress by the production of a compatible solute in algal cells.
Unlike the majority of the LEA proteins among the plant kingdom previously reported, the expression of the cw80lea3 gene was not induced by the ABA treatment. There was also no change in the transcript level in the MV treated cells, indicating that the active oxygen species are not involved in the expression regulation of this gene.
In conclusion, a novel member of group 3 LEA protein genes from a halotorelant green alga C. W80 was successfully isolated by a functional expression screening using the cyanobacterial expression system, proving the effectiveness of this screening method. The quite low homology of the cw80lea3 gene to the other plant group 3 LEA protein gene members, and the absence of ABA-regulation for its expression suggest that the cw80lea3 gene might have been derived from the same ancestral gene of the other group 3 LEA protein genes, but diverged into a distinctive gene, in the evolutionary process, with respect to its amino acid sequence and expression regulation, while keeping its original protective function against salt and cold stresses. Fig. 2 . Comparison of the cw80lea3 mRNA accumulation in response to exogenously applied ABA and various conditions of stress. Chlamydomonas W80 cells were cultured in the medium with ABA (10 or 100 lM), or exposed to cold (4°C), oxidative (100 lM MV), and high salt (1.5 M NaCl) stresses, for 6 or 24 h under a continuous illumination (175 lmol quanta m À2 s À1 ). Control cells were cultured in the medium with 0.5 M NaCl. Each lane contains 12 lg of total RNA. rRNA shows the RNA sample stained with ethidium bromide.
